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Abstract
We find the constraints on various non-standard interactions (NSI) of neutrinos from
monojet+/ET searches at the Large Hadron Collider (LHC). Also, we show that the measurement of
neutrino-nucleon cross-section from the observation of high energy astrophysical neutrino events at
IceCube facilitates strong constraints on NSI as well. To this end, we pursue a comparative study
of the prospects of LHC and IceCube in detecting NSI, also mentioning the role of low-energy
experiments. We discuss the case of NSI with a new vector boson Z ′ and it is found that for
some range of mZ′ LHC puts more stringent bound, whereas IceCube supersedes elsewhere. We
also pay special attention to the case of Z ′ of mass of a few GeVs, pointing out that the IceCube
constraints can surpass those from LHC and low-energy experiments. Although, for contact-type
effective interactions with two neutrinos and two partons, constraints from LHC are superior.
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I. INTRODUCTION
The observation of high energy astrophysical neutrinos of extragalactic origin at Ice-
Cube [1, 2] can provide several useful insights about production mechanism and interactions
of such neutrinos. The potential of IceCube in unravelling neutrino decoherence [3, 4], ex-
istence of sterile neutrinos [5–13], neutrino interactions with dark matter (DM) [14–21] and
cosmic neutrino background [22–28] have been addressed in the literature.
It is also interesting to ask whether the observation of high energy neutrinos with
Eν & 20 TeV provides new information about neutrino interactions with matter (partons
and electrons). Non-standard interaction (NSI) of neutrinos is a widely studied issue in the
literature for several decades. NSIs lead to confusions in extracting the neutrino oscilla-
tion parameters from the solar, atmospheric and reactor neutrino data. The non-standard
interactions with only one charged lepton, the so-called charged current NSIs, are some-
what constrained from several considerations [29]: CKM unitarity, electroweak precession
tests, reactor experiments, etc. The most stringent bound on llν¯llq¯q
′ comes from beta decay
ee <∼ 4×10−4 [30], pi+ semileptonic decay µµ <∼ 4×10−3, and tau decay ττ <∼ 4.5×10−3 [31].
Thus, in this paper we do not consider these interactions.
Non-standard interactions with two neutrinos and two partons are relatively less con-
strained than those of the form ν¯llq¯q. Hence, these are the only kind of new interactions
we discuss in this paper and refer to as NSI from now on. If these interactions stem from a
gauge invariant operator, interactions with two charged leptons and two partons should also
exist, leading to additional constraints from LEP (e+e− → qq¯) [33], muon/tau decay [29],
neutrino-nucleon scattering experiments [34–36], LHC dilepton searches [37], etc. However,
it is possible that the new physics (NP) is such that it leads to NSI with neutrinos, but
not involving their charged counterparts. Later on, we will mention a renormalisable model
involving a new vector boson Z ′ where this situation can be realised. Also, a dimension eight
operator, given by O8 = (L¯HγµH†L)(q¯γµq), leads to an interaction of the form ν¯νq¯q, but
not to its counterpart involving charged leptons l¯lq¯q [36, 38, 39]. In this case, the constraints
on operators with charged leptons do not apply. Hence, here we do not consider the charged
lepton counterpart of interactions with two neutrinos and two partons.
While neutrino propagates through the earth, NSI in neutrino oscillation can lead to
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observable signatures at long baseline and reactor experiments, as well as solar neutrino ob-
servations and neutrino-scattering experiments: all of these pertain to low-energy constraints
on NSI. Even IceCube has placed significant constraints on certain NSI parameters through
the observation of atmospheric νµ disappearance at DeepCore [40, 41]. These constraints
are vastly studied in the literature. However, the observation of high energy astrophysical
neutrinos at IceCube leads to the extraction of neutrino-nucleon deep inelastic scattering
cross-sections at unprecedented high energies [32, 42]. The effects of NSI under considera-
tion lead to signatures similar to SM neutral current (NC) neutrino-nucleon scattering at
IceCube. Thus, it is possible to constrain the effects of neutrino NSI from the measurement
of neutrino-nucleon scattering cross-section at IceCube.
NSI can also show up at the LHC in a final state characterised by missing energy and
one or more hard jets. Thus the generic search of new physics in channels like monojet+/ET
can lead to significant constraints on the NSI parameters. In this paper, we find out the
constraints on NSI from the measurement of neutrino-nucleon cross-section at IceCube, as
well as LHC monojet+ /ET searches and perform a comparative study taking into account the
bounds from low-energy neutrino scattering experiments. Moreover, we consider not only
the NSI with (V − A) structure of neutrino currents, but a complete set of interactions up
to dim-7 with even more exotic Lorentz structures.
In Section II we discuss the general structure of NSI interactions and various existing con-
straints. Specifics of our implementation of the LHC and IceCube constraints are described
in Section III. Whereas, in Section IV we introduce the non-standard interactions under
consideration. Here, we divide the effective interactions into two categories: interactions
mediated by a new gauge boson Z ′ that couples to neutrinos up to dim-5, and contact type
interactions up to dim-7. Finally, we summarise our findings in Section V and eventually
conclude.
II. NSI AND EXISTING CONSTRAINTS
Beyond standard model effects in neutrino interactions with other SM fermions can be
encoded in higher dimensional effective interactions, the so-called NSIs. The constraints on
such interactions can be obtained from a wide range of considerations, such as EW precession
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tests, neutrino oscillation experiments, coherent neutrino-nucleon scattering, colliders, etc.,
and currently at IceCube as well [43]. As mentioned earlier, in this paper, we do not consider
NSI with a single charged lepton. We also do not discuss about NSI with two neutrinos and
two charged leptons. Widely studied ‘neutral-current’ NSI involving (axial)-vector-like quark
and neutrino currents is given as [44, 45],
LNSI = 2
√
2fCij GF (ν¯
iγµν
j)(f¯γµPCf), (2.1)
where, ν and f are the SM neutrinos and quarks respectively, and GF is the Fermi coupling
constant. Here, fCij is the NSI parameter with i, j as generation indices and PC with C = L,R
are the chirality projection matrices. We also use the notation: fVij = 
fL
ij +
fR
ij . A discussion
of key constraints on NSI parameters and a few clarifications related to the present work are
appended:
1. Oscillation experiments: Interactions in eq. (2.1) can also lead to large ef-
fects in neutrino oscillation while propagation through matter via the Mikheev-Smirnov-
Wolfenstein (MSW) mechanism [46, 47]. Such matter effects can show up in the oscillation
data of solar and atmospheric neutrinos, as well as in the long-baseline and reactor ex-
periments. From these neutrino oscillation experiments, the constraints on the parameter
 can vary from O(10−2) − O(10−1) depending on the flavour indices, for example [48],
uVee − uVµµ = [−0.020, 0.456], uVµµ − uVττ = [−0.005, 0.130], dVee − dVµµ = [−0.027, 0.474],
dVµµ − dVττ = [−0.005, 0.095], etc.
2. Neutrino scattering off electrons and nucleons: Coherent neutrino-nucleon scat-
tering at COHERENT [49], coherent neutrino-electron scattering at Borexino [50] and deep-
inelastic neutrino-nucleon scattering at CHARM [51] can also constrain the NSI parame-
ters. COHERENT imposes the following constraints on NSI parameters at 90% CL [52]:
qVee = [−0.073, 0.023] ⊕ [0.16, 0.25], qVµµ = [−0.0070, 0.033] ⊕ [0.15, 0.19], |qVeµ | . 0.055,
|qVeτ | . 0.014 and |qVµτ | . 0.051, for q = u, d. Also, CHARM can provide significant con-
straints as well [53], as example, uVee = [−0.11, 0.27], uVµµ = [−0.03, 0.06], etc.
3. Missing energy signatures at LHC: At the LHC, the non-standard neutrino inter-
actions can be probed in channels with missing energy in the final state along with one or
more jets. From the observation of these channels at
√
s = 8 TeV, the constraints on NSI
parameters appearing in eq. (2.1) read, qCij . 0.17 [54], whereas the same with
√
s = 13 TeV
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is given by, qCij <∼ 0.02 [55]. These constraints are independent of chirality or neutrino flavour
indices of the NSI parameter, as long as the counterpart of eq. (2.1) involving the charged
leptons are not considered. If DM interactions with partons are also present along with NSI,
they can also contribute to the process pp→ j + /ET . In such a scenario, the constraints on
NSI can be weaker compared to the case when DM-parton interactions are absent. Thus,
the new constraints presented in this paper are somewhat conservative, as they indicate the
maximum allowed strength of NSI.
4. IceCube: Observation of atmospheric neutrinos at DeepCore in the energy range 6−
56 GeV suggests that the disappearance of νµ peaks at a neutrino energy, Eν ∼ 25 GeV. This
gives rise to the following constraint [41], −0.0067 <∼ dVµτ <∼ 0.0081, which is more stringent
than the same from oscillation experiments, −0.012 <∼ dVµτ <∼ 0.009 [48]. As mentioned earlier,
in this paper, we point out that there is another aspect of IceCube observations which can
lead to constraints on NSI and has not been addressed in the literature: The measurement
of total neutrino-nucleon scattering cross-section (σtotνN) from the observation of high energy
astrophysical neutrinos. Recently, neutrino-nucleon cross-section has been estimated from
the shower and track events induced by such high energy neutrinos in refs. [42] and [32]
respectively.
In brief, the ‘classical’ searches for NSI, such as the neutrino oscillation experiments,
constrain the NSI parameters at the level ∼ O(10−2) − O(10−1). All the experimental
constraints discussed above, except LHC and IceCube, deals with much lower neutrino en-
ergies. For instance, at IceCube, the centre-of-mass energy of neutrino-nucleon scattering
with Eν ∼ 400 TeV comes out to be ∼ 280 GeV. Also, at LHC, in the process pp → νν¯j,
transverse energy of the νν¯-pair typically attains values up to a few hundreds of GeVs. As
mentioned earlier, the constraint on Fermi operator-like dim-6 NSI appearing in eq. (2.1)
from LHC is rather significant. Subsequently, measurement of σtotνN from observation of high
energy neutrinos at IceCube is also expected to place substantial constraints on NSI, due
to similar reach in centre-of-mass energy as LHC. Thus, in this paper, we consider the im-
pact of LHC and IceCube measurements on the NSI up to dim-7, while we also discuss the
implications of other lower energy experiments in passing. The constraints from low energy
neutrino scattering experiments on such NSI from have been studied in the literature [53].
Apparently, dim-7 NSI which lead to additional energy enhancement in neutrino-nucleon
5
cross-section compared to the Fermi-type operator in eq. (2.1), are even more promising to
be detected at IceCube. We also pay special attention to the case of Z ′ of mass around a
GeV, a well-studied scenario that leads to potentially large NSI effects. As discussed ear-
lier, it is not possible to distinguish the neutrino flavour structure of the NSI parameters
at LHC, as the neutrinos of all flavours lead to missing ET . In the same way, we extract
flavour-independent constraints on NSI from the estimation of neutrino-nucleon cross-section
at IceCube.
III. IMPLEMENTATION OF THE CONSTRAINTS
In the following, we discuss the specifics about the implementation of LHC and IceCube
constraints.
• Implementation of monojet+ /ET constraints from LHC:
Typical search channels of the NSI are characterised by a final state of mono-X (X = jet, γ)
plus missing energy. The monojet plus missing transverse energy signal considered in this
paper stems from the process:
pp→ ν¯ανβj, j = q, q¯, g. (3.1)
For the evaluation of cross-section of the above process, we employ Madgraph-2.6.1 [56],
which uses the UFO files generated by FeynRules-2.3.32 [57]. Hadronization of partonic
events are performed using Pythia-8 [58] and hepmc files are created for
√
s = 8, 13 TeV. The
hepmc files are passed to CheckMATE-2 [59] which checks the compatibility of an interaction
against various LHC searches, in our case, the LHC monojet+ /ET searches [60, 61]. The
allowed values of NSI parameters are chosen such that the generated monojet+/ET signal is
less than the 95% exclusion limit on the signal.
• Implementation of constraints from cascade and track searches at IceCube:
IceCube has observed upgoing as well as downgoing cascade and track events induced by
high energy neutrinos [62, 63]. The upgoing neutrinos travel through the earth to reach
IceCube whereas the downgoing neutrinos reach the detector almost uninterrupted. The
number of upgoing events is dependent on neutrino flux and neutrino-nucleon cross-section
at the detector up to a shadowing factor S encoding the effects of propagation through the
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earth. The shadowing factor can be evaluated as, S = exp[−X(θ)/Λ(Eν , θ)], where X(θ)
is the distance travelled through the earth by a neutrino that reaches the IceCube detector
from a declination angle θ, where mean free path of neutrinos, Λ(Eν , θ) = mN/[(σNC +
σCC)ρ(θ)], with mN as mass of the nucleons and ρ(θ) as average matter density in earth
along angle θ. Thus, for the downgoing neutrinos, the shadowing factor becomes almost
unity. Within an energy interval, neutrinos coming from different directions are distinguished
by the shadowing factor, which is also sensitive to neutrino-nucleon cross-section. Thus, it
is possible to estimate such cross-section from the observation of high energy astrophysical
neutrinos at IceCube. Total neutrino-nucleon cross-section has been calculated in this way,
taking into account the contained shower events [42]. Non-standard interactions as given
in eq. (2.1), cannot be distinguished from the SM neutral current interaction as both lead
to cascade events at IceCube. Thus, in the presence of an NSI, the total neutrino-nucleon
cross-section receives an additional contribution, which in turn leads to a constraint on the
NSI parameter. See Appendix A for further details.
The neutrino-nucleon interaction at IceCube for neutrino energy greater than 10 TeV
corresponds to the centre-of-mass energy,
√
s & 140 GeV. Hence, these neutrinos suffer deep
inelastic scattering (DIS). The double-differential neutrino-nucleon DIS cross-section of such
interaction is given by [64]:
d2σνN
dxdy
=
|Mνq|2
16pixs
(
fq(x,Q
2) + (1− y)2fq¯(x,Q2)
)
. (3.2)
Here, x, y are Bjorken scaling parameters, while Q is the momentum transferred to the
nucleon. fq,q¯(x,Q
2) are certain combinations of parton distribution function (PDF) of the
quarks and antiquarks:
fq = (fu + fc + ft) L
2
u + (fu¯ + fc¯ + ft¯) R
2
u + (fd + fs + fb) L
2
d + (fd¯ + fs¯ + fb¯) R
2
d,
fq¯ = (fu + fc + ft) R
2
u + (fu¯ + fc¯ + ft¯)L
2
u + (fd + fs + fb) R
2
d + (fd¯ + fs¯ + fb¯) L
2
d,
with,
Lu = 1/2− 2/3 sin2 θW , Ld = −1/2 + 2/3 sin2 θW ,
Ru = −2/3 sin2 θW , Rd = 1/3 sin2 θW . (3.3)
Here, fi(¯i) are the individual PDFs for the quarks and antiquarks, with i = u, d, c, s, t, b. In
eq. (3.2), |Mνq|2 is the square of amplitude for a given neutrino-parton interaction. For the
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standard model, the differential cross-section is given as:
d2σνN
dxdy
=
2G2FmNEνx
pi
m4V
(m2V +Q
2)2
(
fq(x,Q
2) + (1− y)2fq¯(x,Q2)
)
, (3.4)
where mV = mZ(mW ) for SM NC (CC) interactions respectively. In order to calculate σνN
for neutrino energy Eν , the PDFs are required to be known in the x-range {xmin, 1} with,
xmin ∼ Q2/(2mNEν) ∼ m2V /(2mNEν). Thus, evaluation of neutrino-nucleon cross-section
for neutrino energies from TeV to PeV requires knowledge of PDFs evaluated at x >∼ 10−4.
These are known from ep collisions at HERA [65, 66] for x >∼ 2 × 10−5. Also, LHCb
significantly reduces the uncertainties in PDF for such small values of x [67–69]. Hence, the
uncertainties in the neutrino-nucleon cross-sections stemming from QCD effects are rather
small. Therefore for high energy astrophysical neutrinos, any significant difference between
predicted SM cross-section and the cross-section measured from the observation of IceCube
events can be attributed to non-standard interactions. We use the CT10 parton distribution
functions [70] in this work.
IV. CONSTRAINTS ON NSI INTERACTIONS FROM LHC AND ICECUBE
The NSI interactions can be generated in various extensions of the SM. A complete set
of higher dimensional effective interactions of neutrinos with partons up to dim-7 have been
constructed in the literature [53]. In this section, we consider these effective interactions up
to dim-7 which can give rise to neutrino-nucleon scattering at IceCube. Here, we investigate
and compare the constraints on the NSI parameters from the neutrino-nucleon cross-section
measurement facilitated by IceCube and monojet+ /ET search at LHC. The following discus-
sion is separated in two parts: (i) the case of a Z ′ of mass ∼ O(GeV) with renormalisable
and effective couplings to neutrinos and quarks, leading to non-standard effects in neutrino-
nucleon scattering, and (ii), the case of contact type NSI interactions. For the second part,
we consider effective operators leading to NSI up to dim-7.
A. Z ′ with renormalisable and effective coupling to neutrinos
The NSI generated from a new vector boson coupling to both neutrino and quark currents
is particularly important as it can lead to sizable NSI parameters which can be tested at
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neutrino oscillation and scattering experiments [71–73]. Such a new vector boson Z ′ can be
realised as the gauge boson corresponding to a U(1) symmetry, pertaining to various chiral
anomaly-cancelling combinations of baryon and lepton numbers, for example, B − L. The
coupling of Z ′ can even violate lepton flavour universality when realised as the gauge boson
corresponding to, for example, U(1)Lµ−Lτ , etc. But, as mentioned earlier, all the constraints
on NSI derived in this paper are flavour-independent.
Constraints on a light Z ′: Here we briefly discuss the key constraints on a Z ′ of mass in
the range MeV to GeV and tree-level coupling with neutrinos and quarks, from low-energy
experiments and cosmological considerations. If a Z ′ in the aforementioned mass range
couples to charged leptons at the tree-level, several other constraints ensue, which do not
apply in our context.
1. Z ′ with tree-level coupling to neutrinos may keep the neutrinos in equilibrium with
photons, and thus electrons, even after the thermal decoupling of neutrinos from the rest of
the SM particles, which occurs at temperature Tdec ∼ 2 MeV in standard cosmology. This
might contradict the measurement of effective numbers of neutrinos (Neff) and the ratio
YHe/YH at the BBN epoch, which makes Z
′ with masses mZ′ . 5 MeV unfavourable [74].
2. Coupling of neutrinos to Z ′ can lead to non-standard effects in supernova cooling
and could leave potential signatures in the observed spectrum of supernova neutrinos, which
constrains the Z ′ coupling to be as small as gν ∼ 10−10 depending upon mZ′ . This constraint
is not applicable for mZ′ & 30 MeV [75, 76].
3. In the presence of tree-level couplings to quarks, Z ′ can have kinetic mixing with
photons and consequently, several constraints from meson decay apply. For mZ′ = 100 −
200 MeV, the measurement of the branching ratio for K0L → pi0Z ′ leads to the bound
gq . 10−8 [77]. For even lower masses of Z ′ up to a MeV, this constraint is even more
stringent. In the range, mZ′ = 200−600 MeV, measurements related to decays of η, η′, φ put
bounds on the Z ′ coupling, with the measurement of η → pi0γγ providing the most stringent
limit of gq . 10−5 − 0.01 depending upon mZ′ [78]. Measurements of branching ratios of
η′ → pi0pi+pi−γ, Ψ → K+K− and Υ → hadrons provide comparably weaker constraints,
gq . 0.01−0.1 for very narrow ranges of Z ′ mass at mZ′ = 0.8, 5.5 and 9.8 GeV respectively,
which correspond to masses of the decaying mesons.
4. For mZ′ <∼ 10 GeV, BABAR puts a constraint on the electrons-Z ′ coupling from the
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measurement of e+e− → γZ ′ [79, 80] which reads ge <∼ 3.3 × 10−2. Though in our scenario
Z ′ does not couple to electrons at the tree-level and e+e− → γZ ′ only occurs at one-loop
level. Thus, in our case this constraint applies up to a loop factor, significantly downsizing
its relevance. This will be addressed in details later.
5. For Z ′ with tree-level couplings to neutrinos and electrons, Borexino provides significant
constraints for mZ′ up to a few GeVs. For mZ′ ∼ 1 GeV, this constraint is given by
ge,µ . O(10−2) [76]. For smaller values of mZ′ , such a constraint can be even more stringent,
as an example, ge,µ . O(10−5) for mZ′ ∼ 1 MeV [76]. But similar to the last point, for our
case, this constraint is not that relevant as the neutrino-electron scattering suffers a loop
suppression.
In light of the above discussions, broadly the constraints on tree-level couplings of Z ′ to
neutrinos and quarks for mZ′ . 1 GeV are quite stringent, owing to the decays of various
mesons, cosmological/astrophysical observations, etc. On the other hand, as it will be dis-
cussed in details later, for mZ′ & 100 GeV, constraints from LHC on such a Z ′ are significant
as well,  ≡ gqgν(v2/2m2Z′) ∼ 0.01. Though, for Z ′ mass of a few GeVs, Z ′ couplings remain
essentially unconstrained from both the low-energy experiments and LHC, keeping aside the
constraints from Ψ and Υ decay which affect only small mZ′ ranges around the correspond-
ing meson masses. This situation arises because in order to enable detection of generic new
physics signatures, the minimum value of missing ET at LHC is considered to be & 100 GeV,
whereas the highest energy reach of the relevant low-energy experiments is up to a GeV.
In the following, we study the cases of a Z ′ of mass ∼ O(GeV), with renormalisable and
effective coupling to neutrinos up to dim-5. For all these interactions, the dependence of
ensuing constraints from LHC and IceCube on Z ′ mass has been discussed in Appendix C.
1. Here we consider the renormalisable Z ′ interaction terms leading to a tree-level
neutrino-quark scattering,
L ⊃ gν(ν¯γµPLν)Z ′µ + gq(q¯γµq)Z ′µ. (4.1)
As it was mentioned earlier, we do not consider the couplings of Z ′ with charged leptons
at the tree-level. Such a scenario can be realised in renormalisable models [20], where
the Z ′ is realised as the gauge boson corresponding to an additional U(1) symmetry,
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under which SM quarks, neutrinos, and the new fermions (F ) required for cancelling
chiral anomalies, transform non-trivially. Thus, as it can be followed from eq. (4.1), the
quark couplings with Z ′ lead to a kinetic mixing of Z ′ with photon, Lmix = loopFµνZ ′µν ,
with the following mixing factor,
loop ∼ 8
9
egq
(4pi)2
ln
[ (mumcmt)2
(mdmsmb)m3F
]
= 1.3× 10−2 gq ln
[(100 GeV
mF
)3]
. (4.2)
Here, mq is the mass of the quarks, q = u, c, t, d, s, b. Masses of the new fermions
can be constrained from several LEP searches as, mF & 100 GeV [81]. Due to the
loop-induced mixing of Z ′ and γ, in our scenario, the amplitude of neutrino-electron
scattering in Borexino is suppressed by loop. Thus, in our case, the constraint from
Borexino turns out to be, gqgν <∼ 0.25 for mZ′ = 5 GeV, and is relaxed compared to
the case of a Z ′ with tree-level coupling to electrons. A similar discussion holds for a
gauged Lµ − Lτ model [24, 82].
The constraint from LHC monojet+ /ET searches [61] at
√
s = 8 TeV on the interaction
in eq. (4.1) comes out to be, gqgν <∼ 9.9×10−3 for mZ′ = 5 GeV. Whereas, for the same
Z ′ mass, the constraint from LHC search [60] in the same channel at
√
s = 13 TeV
is weaker, gqgν <∼ 1.7× 10−2. This occurs because of a larger background and cuts at
larger values of /ET at
√
s = 13 TeV compared to
√
s = 8 TeV for the process under
consideration, leading to a smaller signal-to-background ratio when the 13 TeV data
is adopted. Anyway, this implies, for mZ′ ∼ 5 GeV and interactions as in eq. (4.1), the
LHC constraint at
√
s = 8 TeV is more significant compared to the Borexino bound.
However, the IceCube observation of the cascade events give a slightly better bound
than the LHC monojet+ /ET searches, gqgν <∼ 1.65×10−3, i.e.,  ≡ gqgν(v2/2m2Z′) <∼ 2.0
for mZ′ = 5 GeV. These constraints are illustrated in fig. 1.
2. Now, we consider a dim-5 interaction of neutrinos with Z ′ with a dipole-like vertex
structure,
L ⊃ c
(1)
Λ
(ν¯ci σµνPLνj)Z
′µν + gq(q¯γµq)Z ′µ, (4.3)
where Λ is the effective interaction scale. By demanding hermiticity of the Lagrangian,
it can be noted that the term (ν¯ci σµνPLνj)Z
′µν is non-vanishing only if i 6= j. Also, as
11
FIG. 1. Constraints on NSI described by eq. (4.1) for mZ′ = 5 GeV. The brown line represents the
total SM neutrino-nucleon cross-section [64]. The red line and the light red band denote the central
value and 1σ allowed range of σtotνN from IceCube observation of track events respectively [32].
Similarly, the green points and related error bars in the y-direction stand for the central values
and 1σ allowed ranges in σtotνN measured from the IceCube observation of shower events at different
energy bins respectively [42]. In presence of a Z ′ with mass mZ′ = 5 GeV and interactions as in
eq. (4.1), (i) the magenta line depicts the value of σtotνN with the NSI parameter  set at its maximum
allowed value from LHC,  = 12, (ii) the black line represents the value of σtotνN with  set at its
maximum allowed value from IceCube,  = 2.
shown for a renormalisable Z ′ interaction in eq. (4.1), the above interaction also leads
to kinetic mixing of Z ′ with photon via a quark loop. This leads to transitional neutrino
dipole moment µMij = (c
(1)/Λ)loop(k
2/(k2 − m2Z′)), where k is the momentum of the
photon and loop is a loop factor expressed in eq. (4.2). The most stringent constraint
on neutrino dipole moment comes from the study of neutrino-electron scattering at
Borexino and is given by, µMij <∼ 10−11µB [50]. For mZ′ ∼ MeV this leads to a rather
stringent bound, c(1)gq/Λ <∼ 10−5 GeV−1. But for a much heavier Z ′ the constraint
from Borexino becomes irrelevant: For mZ′ = 5 GeV, the Borexino bound turns out
to be c(1)gq/Λ <∼ 4.3× 103 GeV−1.
For mZ′ = 5 GeV, LHC constraint from monojet+ /ET search turns out to be c
(1)gq/Λ <∼
1.3 × 10−3 GeV−1, i.e., 1 ≡ (c(1)gqv/Λ)(v2/2m2Z′) <∼ 382. IceCube constraint on this
12
interaction, as can be followed from fig. 2, reads c(1)gq/Λ <∼ 4.8 × 10−4 GeV−1, i.e.,
1 <∼ 143, which is somewhat stronger than the constraints imposed by LHC.
FIG. 2. Constraints on NSI described by eq. (4.3) in presence of a Z ′ of mass 5 GeV. Colour
coding is the same as in fig. 1.
3. Another dim-5 vertex for neutrino-Z ′ interaction leading to neutrino-nucleon scattering
can be written as,
L ⊃ c
(2)
Λ
(ν¯ci
↔
∂µν)Z ′µ + gq(q¯γ
µq)Z ′µ, (4.4)
where Λ is the effective interaction scale. As shown for the previous cases, the ν−e
scattering amplitude is suppressed by a loop factor loop, which renders the Borexino
bound weaker than cases with tree-level electron-Z ′ coupling. Thus, for the interaction
in eq. (4.4), Borexino bound can be projected as, c(2)gq/Λ <∼ 3.4 × 104 GeV−1 for
mZ′ = 5 GeV.
Monojet+ /ET search at
√
s = 13 TeV at LHC leads to c(2)gq/Λ <∼ 3.3×10−3 GeV−1, i.e.,
2 ≡ (c(2)gqv/Λ)(v2/2m2Z′) <∼ 982 for mZ′ = 5 GeV, whereas the measurement of σtotνN at
IceCube provides a stronger bound, c(2)gq/Λ <∼ 2.5× 10−4 GeV−1, i.e., 2 <∼ 75.6. The
comparison of σtotνN allowed from LHC and IceCube in the presence of the interaction
given in eq. (4.4), is shown in fig. 3.
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FIG. 3. Constraints on NSI described by eq. (4.4) in presence of a Z ′ of mass 5 GeV. Colour
coding is the same as in fig. 1.
B. Contact type interactions
Neutrino-nucleon interaction can be realised via effective vertices which lead to neu-
trino scattering off partons. In addition to the neutrino-quark operators, here we
have also considered the case of neutrino-gluon effective interaction. In the following,
we study the constraints on these effective interactions up to dim-7 from LHC and
IceCube:
4. The dim-6 contact interaction leading to neutrino-quark scattering, which resembles
the structure of the four-fermionic operator in eq. (2.1), can be written as,
L ⊃ c
Λ2
(ν¯γµν)(q¯γ
µq). (4.5)
Here we use the notation,  ≡ cv2/Λ2. As mentioned in Sec. II, a conservative constraint
on the maximum allowed value of  from low-energy neutrino DIS experiment CHARM
is found to be,  ∼ 0.06. Though, for different neutrino flavours,  can take even higher
values. We find that the LHC monojet+ /ET search leads to a somewhat stringent
constraint,  <∼ 0.02 which is at par with the findings of refs. [55, 83]. The IceCube
constraint from observation of cascade events is given as −0.004 <∼  <∼ 0.08 and is
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shown in fig. 4. However, the interference effect of the NSI and SM contributions in
the process pp→ νν¯j is rather small and this effect has been discussed in Appendix B.
This effective interaction can be interpreted as a dim-6 operator arising from an un-
derlying renormalisable model consisting of a heavy Z ′ with coupling to neutrinos and
quarks at the tree-level as in eq. (4.1). It can be checked that, given the current LHC
bound on this interaction, the tree-level matching condition between this renormal-
isable theory and effective operator as in eq. (4.5),  = (2
√
2GF )
−1(gZ′/mZ′)2, holds
rather well for mZ′ & 10 TeV at LHC with
√
s = 13 TeV. It implies that the NSI
appearing in eq. (4.5) can be realised as an effective field theory in this context.
FIG. 4. The maximum allowed values of NC neutrino-nucleon cross-section in presence of NSI
appearing in eq. (4.5). Colour coding is the same as in fig. 1.
5. A dim-7 effective interaction which leads to neutrino-quark scattering is given by:
L ⊃ c
(3)
Λ3
∂ν(ν¯ci σµνPLνj)(q¯γ
µq). (4.6)
Here, in the same rationale as in eq. (4.3), i 6= j. Among the low energy experiments,
the most stringent constraint on this interaction is imposed by CHARM, c(3)/Λ3 <∼
2.9×10−7 GeV−3 [53]. The LHC constraint on this interaction is found to be c(3)/Λ3 <∼
1.8 × 10−10 GeV−3. Measurement of neutrino-nucleon scattering cross-section with
IceCube cascade events gives a constraint, c(3)/Λ3 <∼ 5.3 × 10−8 GeV−3. Hence, the
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LHC bound is stronger than the CHARM and IceCube constraints. A comparison of
the LHC and IceCube bounds can be followed from fig. 5.
FIG. 5. Constraints on NSI described by eq. (4.6). Colour coding is the same as in fig. 1.
6. Another dim-7 effective Lagrangian for the neutrino-quark four-point interaction is
given by:
L ⊃ c
(4)
Λ3
(ν¯ci
↔
∂µν)(q¯γ
µq). (4.7)
The most relevant constraint among low energy experiments on this interaction comes
from neutrino-nucleon scattering cross-section measurement at CHARM, c(4)/Λ3 <∼
1.2 × 10−7 GeV−3 [53]. Monojet+/ET searches at LHC lead to a stronger con-
straint, c(4)/Λ3 <∼ 8.6 × 10−10 GeV−3, whereas the bound from IceCube reads,
c(4)/Λ3 <∼ 2.6 × 10−8 GeV−3. As the last two cases, LHC provides a stronger con-
straint on this interaction compared to low-energy experiments and IceCube. The
neutrino-nucleon cross-sections at IceCube due to this interaction, corresponding to
the upper limits of the IceCube and LHC constraints, are shown in fig. 6.
7. As mentioned earlier, neutrino-nucleon scattering can take place in the presence of
effective interaction involving neutrinos and gluons as well. A dim-7 term for such
neutrino-gluon interaction is given as:
L ⊃ c
(5)
Λ3
(ν¯cPLν)GµνG
µν . (4.8)
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FIG. 6. Constraints on NSI appearing in eq. (4.7). Colour coding is the same as in fig. 1.
For the above interaction, the most relevant low-energy constraint comes from
the measurement of neutrino-nucleon cross-section at CHARM, c(5)/Λ3 <∼ 1.6 ×
10−6 GeV−3 [53]. LHC monojet+/ET searches lead to the constraint, c(5)/Λ3 <∼ 1.6 ×
10−10 GeV−3. The neutrino-nucleon NC cross-section in presence of this interaction,
with  fixed at the upper bound obtained from LHC, is shown in fig. 7. The IceCube
bound from the observation of cascade events is given by, c(5)/Λ3 <∼ 5.5× 10−8 GeV−3.
Thus for the interaction given in eq. (4.8), LHC gives a much stronger bound than
both IceCube and CHARM.
A possible UV-completion of the operator in eq. (4.8) can be realised in the Type-
II seesaw model, where an SU(2)L triplet (∆) with hypercharge-2 provides mass to
the light neutrinos after it acquires a non-zero vacuum expectation value (vev). The
measurement of the T -parameter renders v∆ to be rather small, v∆ < 4 GeV. The
lightest CP-even neutral component of the triplet, namely ∆0, mixes with the SM
Higgs. The mixing parameter depends on the quartic couplings involving H and ∆,
and the vev of the triplet as well. As the SM Higgs, h has an effective coupling to a
gluon pair through quark loops, h−∆0 mixing leads to an effective coupling of ∆0 to
gluons too. Thus the coefficient c(5) in eq. (4.8) is proportional to yν sinα, where yν is
the Yukawa coupling of neutrinos to ∆, and α represents the mixing angle of ∆0 and the
SM Higgs. The theoretical constraints, such as unitarity, stability, the measurement
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of T -parameter and h → γγ constrain the value of sinα significantly. The interplay
of these bounds ensures that, for mH > 200 GeV, sinα . 0.02 [84]. Also, the Yukawa
coupling leads to neutrino mass, mν ∼ yνv∆. Considering mν . 0.1 eV, yν . 10−10 for
v∆ = 1 GeV and yν . 10−6 for v∆ = 10−4 GeV. Thus the coefficient of this effective
interaction is rather small if it is generated from such a renormalisable model and
does not lead to a significant deviation from the SM value of NC neutrino-nucleon
cross-section.
FIG. 7. Constraints on NSI appearing in eq. (4.8). Colour coding is the same as in fig. 1.
We have found that, for the NSIs mediated by Z ′ of mass mZ′ = 5 GeV, IceCube provides
a superior bound than LHC. Though, for contact-type NSI, the constraints from LHC are
more significant than IceCube. However, due to the increasing nature of neutrino-nucleon
cross-section in the presence of contact-type NSI, as it can be seen from figs. 4, 5, 6 and 7, the
measurement of σtotνN in the bin 100− 400 TeV places the most stringent constraints on such
interactions. An increase in the number of high energy neutrino events at IceCube-Gen2 will
lead to reduced uncertainties in σtotνN . For instance, the reduction in uncertainties in the bin
100− 400 TeV can improve the constraint on NSI appearing in eq. (4.7) by nearly a factor
of two after 6 years of data from IceCube-Gen2.
No upgoing neutrinos have been observed in the energy range 400 − 2004 TeV. This
leads to a lower bound on σtotνN which almost coincided with the SM prediction in this bin.
Thus, any kind of new physics that leads to a substantial destructive interference with the SM
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contribution is disfavoured from the energy bin 400−2004 TeV. Note that, all the constraints
from IceCube derived in this paper are independent of the sign of the couplings/Wilson
coefficients as the NP contribution does not significantly interfere with SM, except the case
described by eq. (4.5). For the case in eq. (4.5), only a small negative value is allowed
from the IceCube due to the observation in the energy range 400− 2004 TeV. It is possible
to distinguish the flavour of astrophysical neutrinos based on the CC interactions at the
detector [27, 85, 86], which in turn can lead to flavour-dependent constraints on NSI of type
ν¯νq¯q. Thus, a better understanding of the neutrino flavour ratios at IceCube-Gen2 will also
facilitate improved and flavour-dependent constraints on such NSI.
NSIs in eqs. (4.6), (4.7) and (4.8) carry additional momentum dependence compared to
the Fermi-type operator. In these cases, the neutrino-nucleon cross-sections increase with
energy even faster, leading to more severe constraints from LHC. Moreover, as it can be
seen from figs. 2-7, the value of σtotνN increases faster with neutrino energy in presence of the
contact-type interactions compared to the non-renormalisable interactions of a light Z ′. This
can be attributed to the propagator suppression in the Z ′-mediated cases which relax the
additional momentum enhancement due to the non-renormalisable interactions.
Low-energy experiments, such as MATHUSLA [87], SHiP [88], FASER [89], dedicated to
the search for new long-lived particles in the MeV-GeV range can put relevant constraints on
the Z ′ interactions considered in this paper. Such constraints, although flavour-dependent,
can be stronger than that from IceCube, or even IceCube-Gen2. Though, these constraints
only affect Z ′ of mass . 4 GeV.
V. CONCLUSION
NSIs lead to confusions in extracting the neutrino oscillation parameters by inflicting
several degeneracies. Low-energy experiments provide constraints on the NSI parameters
depending on the flavour structure. Among the high energy experiments, LHC leads to
sizable constraints on the NSI parameters from generic new physics searches, in channels
such as pp → j + /ET . In IceCube, atmospheric neutrinos detected at DeepCore can also
put flavour-specific constraints on NSI parameter at the level O(10−3). The observation of
high energy astrophysical neutrinos at IceCube is particularly interesting in this context: It
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provides an opportunity to measure neutrino-nucleon cross-section at a value of
√
s compa-
rable to the LHC or even higher. This way it can also point to the existence of new physics
at those high energies if in future, any deviation from the SM neutrino-nucleon cross-section
is observed. The similarity in the centre-of-mass energies involved in concerned processes
demands a comparative study of constraints on NSI from LHC and IceCube.
The uncertainty in neutrino flux can propagate in the neutrino-nucleon cross-section ex-
tracted from the observation of astrophysical neutrinos. High energy neutrinos reaching the
IceCube from different directions traverse a different distance within the earth, providing
sensitivity to the neutrino-nucleon cross-section which dictates the interaction length. Fur-
thermore, the knowledge of parton distribution functions is also plagued with significant
uncertainty for Eν & 10 PeV. But the maximum energy for observed neutrinos goes up to
∼ PeV, for which the PDFs are well measured, primarily from HERA, thus making the
error due to PDF irrelevant in light of current IceCube data. Thus, IceCube has enormous
prospects for testing the non-standard neutrino interactions with high energy astrophysical
neutrinos. In light of IceCube observations of shower and track events induced by such
neutrinos, estimates of neutrino-nucleon scattering cross-section have been found in the lit-
erature [32, 42]. As mentioned earlier, such a direct measurement of σtotνN can constrain the
NSI parameters.
The non-standard interactions consisting of one charged lepton and one neutrino are
constrained quite tightly from several low-energy experiments, EW precision tests, etc. We
do not consider these kinds of interactions in our paper. Also, we are not interested in
NSI involving two charged leptons and two partons, which suffer stringent constraints from
various LEP measurements, meson decay etc. It has been mentioned that, it is possible to
generate NSI of form ν¯νq¯q in a renormalisable model with a new vector boson Z ′ without
giving rise to the charged lepton counterpart of these interactions in the presence of new
heavy fermions. There also exist other scenarios where this can be attained, for example, in
the presence of a specific gauge-invariant dim-8 operator. Though, if the NSIs are assumed
to be generated from such operators with d > 6, the scale of new physics, Λ can be lower
than the case of dim-6 NSI. The implementation of IceCube bounds in this paper is based
on an analysis which assumes equal neutrino flux across flavours. Thus, the constraints on
NSI obtained in this paper are flavour-independent.
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We consider two subclasses of new interactions. Firstly, we discuss the case of a Z ′ of
mass ∼ O(1) GeV with renormalisable and effective interactions up to dim-5. As mentioned
earlier, in these cases, the IceCube bounds surpass the LHC constraints from monojet+ /ET
searches, which we illustrate for a Z ′ with mass mZ′ = 5 GeV. In this context, future experi-
ments dedicated to the search for new physics around ∼ 1 GeV, such as MATHUSLA, SHiP,
FASER, can put quite stringent constraints. The observation of coherent neutrino-nucleon
scattering at COHERENT experiment can also lead to quite stringent, though flavour-
specific, constraints in the presence of such a Z ′ [82, 90, 91]. We have also presented a
comparison between LHC and IceCube bounds for different masses of Z ′. Broadly it has
been seen that, for mZ′ within a few tens to a few hundreds of GeVs, the LHC bounds
are more significant than IceCube. For example, with the renormalisable Z ′ interactions
as in eq. (4.1), within the range mZ′ ∼ 35 − 500 GeV, LHC provides stronger constraints
than IceCube. This also means, along with other new physics candidates like extra dimen-
sions [42] and leptoquarks [32], IceCube also has a remarkable discovery potential for Z ′ of
mass ∼ TeV. Secondly, we take into account contact-type interactions involving two neu-
trinos and two partons up to dim-7. For such interactions, the LHC constraints are more
significant than that from both IceCube and lower energy neutrino-scattering experiments.
The extraction of neutrino-nucleon cross-section is also affected by astrophysical neutrino
flux and flavour ratios. The constraints from IceCube derived in this paper can be improved
in the upgraded version of this experiment, namely IceCube-Gen2, with a better under-
standing of neutrino flux and flavour ratios [92]. In case of discovery of even higher energy
astrophysical neutrinos, the energy reach of IceCube can supersede that of LHC. With cur-
rent IceCube data, SM neutrino-nucleon cross-section is still allowed within 95% CL. Any
possible deviation from SM neutrino-nucleon cross-section may hint towards the existence
of NP. With more statistics, it might also be possible to distinguish between different kinds
of NSIs, if any, by studying the distribution of high energy neutrino events across deposited
energy and zenith angle.
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Appendix A: Extracting constraints on NSI from CC neutrino-nucleon cross-section
NC interactions of neutrinos of all flavours and CC interactions of ντ (83% times) and νe
lead to cascade events at the IceCube detector. Moreover, the interaction lengths of high
energy neutrinos in earth depend upon the neutrino-nucleon cross-section (NC and CC).
These make the extraction of σtotνN viable from the observation of cascade events at IceCube
induced by high energy neutrinos [42]. The NSIs considered in this paper provide additional
contributions to the NC neutrino-nucleon cross-section, which can be constrained as,
σNSIνN . σtot,casνN − σCC,ICνN − σNC,SMνN . (A1)
Here, σtot,casνN denotes the total neutrino-nucleon cross-section measured from the IceCube
observation of cascade events induced by high energy neutrinos [42]. The second term in
RHS of inequality (A1), i.e., the CC neutrino-nucleon cross-section, σCC,ICνN , can be measured
rather precisely from the track events at IceCube [32], so the related uncertainties are not
implemented. This way one can estimate the remaining room for NSI contribution. Extract-
ing the bound on σNSIνN in this way comes at the expense of introducing ∼ 2% change in
the neutrino flux compared to ref. [42], which is even smaller than the effect of regeneration
of high energy neutrinos passing through the earth. Considering the current uncertainties
in σtotνN found in ref. [42], the effects of regeneration, which cause a change up to ∼ 10% in
the neutrino flux, does not have a significant impact on the estimated cross-section. By the
same token, relevant bound on σNSIνN can be extracted using eq. (A1).
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Appendix B: Differential cross-sections and interference effects
The differential cross-sections of the process pp→ νν¯j for the contact NSI as in eq. (4.5)
can be written as the sum of contributions from the SM, NP and interference of these two:
dσ
dpTdη
=
dσSM
dpTdη
+
dσint
dpTdη
+
dσNP
dpTdη
, (B1)
with,
dσSM
dpTdη
=
G2F
pipT
( M4Z
(Q2tr −M2Z)2 + (ΓMZ)2
)
Q2tr
(
1 +
Q4tr
(x1x2s)2
)
,
dσint
dpTdη
=
2G2F
pipT
( M2Z(Q2tr −M2Z)
(Q2tr −M2Z)2 + (ΓMZ)2
)
Q2tr
(
1 +
Q4tr
(x1x2s)2
)
,
dσNP
dpTdη
=
2G2F
pipT
Q2tr
(
1 +
Q4tr
(x1x2s)2
)
. (B2)
Here, x1 and x2 are fractions of proton momentum transferred to the two initial partons
involved in pp→ νν¯j and Qtr is momentum transferred to the neutrino pair. At LHC with
√
s = 8 TeV the cross-section for pp → νν¯j gets most of the contribution in the pT range,
120 − 150 GeV. To compare the relative contributions of the different terms appearing in
the RHS of eq. (B1), we use the fact that, 〈Qtr〉 ∼ 500 GeV for pT = 150 GeV, |η| < 2 and
√
s = 8 TeV [93]. Using the second and third relations of eq. (B2) one finds the ratio of the NP
contribution to that from the interference term to be ∼ 2M2Z/(〈Q2tr〉). As 〈Qtr〉 ∼ 500 GeV,
this ratio turns out to be ∼ 0.33 for the maximum allowed value of  ∼ 0.19. This implies, the
interference term is subleading than the NP term in the cross-section of pp→ νν¯j with the
dim-6 NSI term, which is somewhat opposite to the common perception. This happens due
to an accidental conspiracy between 〈Q2tr〉 and current maximum allowed value of . If the
constraint on  becomes even more stringent, with the value 〈Q2tr〉 not changing significantly,
the current picture can be reversed, i.e., the interference term can be dominant over the NP
contribution. A similar situation has been discussed in ref. [54].
Appendix C: Dependence of LHC and IceCube constraints on Z ′ mass
The LHC and IceCube constraints on NSI induced by a Z ′ of mass 5 GeV have been
mentioned in Section IV A. Here, we illustrate the role of Z ′ mass on these constraints. For
the NSI described by eqs. (4.1), (4.3) and (4.4), the maximum values of couplings allowed
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from LHC and IceCube have been illustrated in figs. 8 (a), (b) and (c) respectively. In the
process pp→ νν¯j at LHC, the subprocess qg → νν¯j dominates over the qq¯ initiated process,
due to a large gluon flux.
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FIG. 8. Constraints on Z ′ induced NSI in presence of interactions expressed in eq. (4.1), (4.3) and
(4.4) respectively as functions of Z ′ mass. The pink and grey regions are excluded from LHC and
IceCube respectively.
As it can be seen from fig. 8 (a), for the interaction in eq. (4.1), except the range mZ′ ∼
35− 500 GeV, IceCube provides a better constraint than LHC. This happens due to LHC’s
rather good acceptance in the channel pp → j + /ET for the aforementioned Z ′ mass range
with renormalisable interactions [54]. In this case, the dependence of the LHC constraint on
mZ′ is similar to that previously found in the literature [83]. For the dipole-like interaction
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of Z ′ with neutrinos as in eq. (4.3), the role of mZ′ has been shown in fig. 8 (b). In this
case, the LHC constraint prevails the IceCube bound when mZ′ & 15 GeV. However, due to
the additional momentum enhancement, the width of Z ′ becomes quite large in this case.
Subsequently, for mZ′ & 500 GeV, the cross-section of pp → νν¯j with this interaction does
not significantly change with increasing couplings. This implies that there is no relevant
constraint on this interaction for mZ′ & 500 GeV from LHC. In presence of interactions as
in eq. (4.4), as fig. 8 (c) shows, the LHC bound becomes more significant than IceCube in
the range mZ′ ∼ 40 − 220 GeV. Here, the LHC constraint in case of fig. 8 (a) comes from
an analysis [61] of 8 TeV data, whereas those in figs. 8 (b) and (c) come from the 13 TeV
data [60].
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